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Abstract 
The concept of resilience has become increasingly important in ecological and socio-
ecological literature. With its focus on the temporal behaviour of ecosystems, palaeoecology 
has an important role to play in developing a scientific understanding of ecological resilience. 
We provide a critical review of the ways in which resilience is being addressed by 
palaeoecologists. We review ~180 papers, identifying the definitions or conceptualisations of 
‘resilience’ that they use, and analysing the ways in which palaeoecology is contributing to 
our understanding of ecological resilience. We identify three key areas for further 
development. Firstly, the term ‘resilience’ is frequently defined too broadly to be meaningful 
without further qualification. In particular, palaeoecologists need to distinguish between 
‘press’ vs. ‘pulse’ disturbances, and ‘ecological’ vs. ‘engineering’ resilience. 
Palaeoecologists are well placed to critically assess the extent to which these dichotomies 
apply in real (rather than theoretical) ecosystems, where climate and other environmental 
parameters are constantly changing. Secondly, defining a formal ‘response model’ - a 
statement of the anticipated relationships between proxies, disturbances and resilience 
properties - can help to clarify arguments, especially inferred causal links, since the difficulty 
of proving causation is a fundamental limitation of palaeoecology for understanding 
ecosystem drivers and responses. Thirdly, there is a need for critical analysis of the role of 
scale in ecosystem resilience. Different palaeoenvironmental proxies are differently able to 
address the various temporal and spatial scales of ecological change, and these limitations, as 
well as methodological constraints on inherently noisy proxy data, need to be explored and 
addressed.  
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Introduction 
Resilience has emerged as a focal theme in ecology and socio-ecological systems research, 
and as a key goal for management and policy (Holling 1973, Chapin et al. 2000, Folke et al. 
2002, Sutherland et al. 2013). Ecological discussion of resilience now includes a growing 
critical literature that highlights terminological ambiguities and emphasises the challenges of 
defining and measuring resilience in practice (Brand & Jax 2007, Morecroft et al. 2012, 
Spears et al. 2015, Hodgson et al. 2015, Newton 2016, Allen et al. 2016). Alongside this 
debate and arising from the conceptual literature, a range of quantitative tools has been 
developed for assessing resilience, with an emphasis on detecting thresholds and changes in 
system characteristics that may provide early warning signals of impending regime shift (e.g. 
Carpenter & Brock 2006, Andersen et al. 2009, Dakos et al. 2012, Kefi et al. 2014). 
 
While there is substantial debate over how to measure resilience in ecology, ecologists 
generally recognise two main definitions of resilience (e.g. Hodgson et al. 2015, Mori 2016). 
The first focuses on the recovery of a system back to its equilibrium state following 
disturbance, often measured by the rate of recovery (Pimm 1984); this is frequently called 
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‘engineering resilience’. The second focuses on the ability of a system to retain its current 
state, defined as the magnitude of disturbance that a system can tolerate or resist without or 
before rearranging into an alternative, functionally and structurally different state (Holling 
1973, Gunderson & Holling 2002, Walker et al. 2004); this is also referred to as ‘ecological 
resilience’. Hodgson et al. (2015) have argued that both types of resilience are important in 
most ecological research settings, and that they should ideally be considered simultaneously. 
  
There is a growing interest in resilience amongst palaeoecologists (Froyd & Willis 2008). 
Several relevant priority research questions have been identified by the community (Dearing 
2008, Seddon et al. 2014b), including: How do past legacies affect the structure, dynamics 
and resilience of contemporary ecological and socio-ecological systems? What factors make 
some systems more resilient to environmental change than others? How do ‘slow’ (multi-
decadal and longer) processes influence transitions from one quasi-stable state to another? 
Quantitative resilience metrics are also being translated from ecology to palaeoecology 
(Thomas 2016). However, applying ideas developed in one field (ecology) to another 
(palaeoecology) carries risks: subtly different or ambiguous definitions of resilience are likely 
to limit cross-study comparisons and undermine practical application (Côté & Darling 2010, 
Myers-Smith et al. 2012), including in ecological modelling (Allen et al. 2016).  
 
Here we review the palaeoecological literature to understand the ways in which resilience 
concepts are being exploited and addressed by the palaeo-community. We identify three key 
issues that affect the study of resilience using palaeoenvironmental proxies: (1) the different 
meanings and types of ‘resilience’; (2) how we define and analyse a response model that 
connects the disturbance, response and causal mechanisms that underpin resilience; and (3) 
the influence of scale on the sensitivity of palaeoecological metrics for resilience. These form 
the basis for recommendations for future research that can strengthen palaeoenvironmental 
contributions to long-term aspects of ecosystem resilience. 
 
Literature review 
To assess the frequency and usage of resilience concepts amongst the palaeo-community, a 
literature search was conducted in Thomson-ISI Web of Science using the topic search terms 
(resilien* AND palaeo*) OR (resilien* AND paleo*). This returned 450 references 
(14/7/2016), which were reduced to 193 after a first stage review of title, keywords and 
abstracts to remove non-journal sources (books, datasets), duplicates, papers dealing with the 
pre-Quaternary period, references that did not include the search terms, used an alternative 
definition of resilience (e.g. chemical, taphonomic, rather than system behaviour), or did not 
contain palaeo-data, and papers that used the ‘pal(a)eo’ prefix in a non-ecological context 
(e.g. palaeodiet, palaeoanthropology) or as a biogeographic term (e.g. Paleoendemic). A 
second stage full content review excluded papers that did not include primary or secondary 
palaeo-data (e.g. papers that mentioned palaeo-data in passing as part of the broader context, 
discussion or implications). Finally, four papers were excluded as the articles were not 
available (two representing early use of the term in a palaeoecological context: Dodson 1986, 
Barnosky 1992). While this search strategy may exclude papers that use terms which are 
relevant to the concept of resilience (e.g. thresholds: Carrión et al. 2001, regime shift: Seddon 
et al. 2014a), the review considers many of these concepts and we draw on the broader 
literature in the discussion. To express the number of papers as a proportion of all 
palaeoecological papers published, an additional search was conducted using palaeoecol* OR 
paleoecol* as the search terms. This will not capture the full literature, but it provides a 
consistent basis for how the relative proportion of palaeoecological work on resilience has 
changed over time. 
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Our analysis shows that there has been a sustained increase in both the absolute number and 
proportion of papers addressing resilience in a palaeoecological context over the last 20 years 
(Fig. 1). In terms of their palaeoenvironmental context (Fig. 2), terrestrial ecosystems 
(including peatlands) are the most frequent study context, followed by aquatic or socio-
ecological systems; resilience-based studies of geomorphic systems and faunal communities 
are rare. In a non-exhaustive assessment, 72% of the references (excluding review papers) 
used multiple proxies, with palynology as the most common technique (85 out of 162 non-
review papers), followed by sedimentary, geochemical and geomorphological proxies (59 
papers), then charcoal (43 papers), with approximately equal numbers of papers using 
palaeolimnological organisms (e.g. diatoms, chironomids, cladocera; 32 papers), plant 
macrofossils or phytoliths (32 papers), and cultural archives (archaeology, documents; 30 
papers). 
 
 
Figure 1. Number of published papers in Web of Science using resilience in a 
palaeoecological context, classified according to whether or not the term resilience was 
defined. Also showing palaeo-resilience papers as a percentage of all palaeoecological 
articles published in each year (up to July 2016) 
 
 
Figure 2. Ecosystem contexts in which resilience has been applied in palaeoecology, 
expressed as a percentage of palaeo-resilience papers published in each year 
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The terms used to discuss resilience have also become more explicit in the last 12 years, as 
indicated by the increase in papers where resilience is directly defined or indirectly inferred 
from the use of terminology from resilience theory (Fig. 1) (e.g. Holling 1973, Gunderson 
2000). However, 61% of the papers reviewed offer no definition. Even where an explicit 
definition is given, there is considerable variation. Table 1 presents a selection of illustrative 
examples and indicates how these relate to the two definitions that are accepted in the 
ecological literature. Amongst the reviewed papers that provided a direct definition of 
resilience, 69% focused on ‘ecological resilience’ (e.g. Gillson & Ekblom 2009, Seddon et al. 
2011), but overall these studies provide examples of ecosystems that have exhibited both 
types of resilience. These include instances of recovery (e.g. Cole et al. 2014, Fregeau et al. 
2015) and of tolerance (the ability to persist through or absorb disturbance, e.g. Brncic et al. 
2007, Lynch et al. 2014, Ekblom et al. 2012), as well as examples of reorganisation when 
disturbance levels exceeded the limits of tolerance and a critical threshold was crossed (e.g. 
Lopez-Merino et al. 2012, Spanbauer et al. 2014). Numerous studies (24% of direct 
definitions) mention both forms of resilience, represented by differences between sites or by a 
change in the type of resilience through time (e.g. Bhagwat et al. 2012, Lopez-Merino et al. 
2012, Macken and Reed 2014, Kowlalewski et al. 2015, Cvetkoska et al. 2016, Ryan et al. 
2016, Swindles et al. 2016). 
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Table 1. Examples of directly and indirectly defined resilience, and the context in which they were applied 
Definition and key 
concepts 
Context Quote & source 
Direct: ecological 
resilience 
(reorganisation) 
Coastal 
geomorphology 
“This research leads us to reflect on the concept of “coastal resilience” which, we conclude, means little 
without a clearly defined spatial and temporal framework... We therefore envisage multiple scales of 
“resilience” operating simultaneously across the complex, responding to different forcing agents with 
particular magnitudes and frequencies… “Coastal resilience” describes the self-organising ability of a 
coast to respond in a sustainable manner to morphological, biological and/or socio-economic pressures” 
(Long et al. 2006: 309-310) 
Direct: ecological 
resilience 
(tolerance or 
reorganisation) 
Mangrove “The ability of an ecosystem to ‘tolerate or adapt to disturbance without collapsing into a different or 
qualitative state’… is an emergent property known as ecosystem resilience” (Seddon et al. 2011: 2) 
“According to resilience theory, the accumulation of slow processes can result in an erosion of resilience 
over time, making a system more susceptible to smaller perturbations and environmental changes. We 
propose that the historical period of disturbances occurring after 2000 cal yr BP, which had the effect of 
the opening up the mangrove canopy, caused an erosion of resilience at our study site” (Seddon et al. 
2011: 9) 
Direct: ecological 
resilience 
(resistance and 
reorganisation 
Biogeochemical 
systems 
“Newer conceptualizations of complex adaptive systems and resilience in ecological systems highlight the 
important role of interactions, system feedbacks, and landscape contingencies when forecasting how 
disturbances affect ecosystems. Interactions between biogeochemical cycles and vegetation can 
reinforce current states or can result in shifts to alternate states, depending on the magnitude and timing 
of the interactions” (McLauchlan et al. 2014: 106) 
Indirect: 
engineering 
resilience 
(recovery) 
Peatland “We hypothesize that these ombrotrophic peatlands are resilient to fire, and that local vegetation 
communities should return to pre-disturbance conditions within a short period of time” (Magnan et al. 
2012: 110) 
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Indirect: ecological 
resilience 
(reorganisation) 
Wetland “The shifts between phases [identified using PCA] were probably due to reorganisations of the system 
when the limits of the mire to absorb disturbances were exceeded, although it was able to change its 
structure without substantial alteration of its function… Even [though] we have detected four phases and 
multiple states during the transitional phase between the minerotrophic mire and the tendency towards 
ombrotrophic conditions, La Molina mire seems to be an example of a system that successfully buffered 
the changes with a resilient nature. It was a mire and is still a mire” (Lopez-Merino et al. 2011: 2753) 
Indirect: ecological 
resilience 
(reorganisation) 
Forest “[T]he decline of oak relative to the increase of birch, which became significant in the 1960s despite 
earlier disturbances, may imply that the oak-dominated forests in Takkobu have been pushed beyond 
their threshold of resilience by continuous anthropogenic disturbances” (Kumagai et al. 2008: 230) 
Indirect: ecological 
resilience 
(resistance) 
Coral reef “Such community persistence may also be linked to an increased resilience of the coral communities to 
extrinsic disturbance events… because high suspended sediment concentrations… may alleviate light 
stress and provide alternative food sources for temperature-stressed corals… Thus high turbidity may, 
somewhat counterintuitively, aid the long-term stability of inner-shelf coral assemblages by buffering 
coral communities against extrinsic disturbance events” (Perry et al. 2008: 693) 
 
7 
 
Since 2008 a small proportion of the papers published annually have applied quantitative 
methods to assess aspects of ecosystem resilience (Fig. 3). These range from phase plots or 
scatterplots to represent changing interactions between system variables and drivers, to 
methods of detecting abrupt change, and comparison of metrics to differentiate between 
inherent variability (e.g. turnover) and significant functional shifts (see Table 2 for 
representative examples). Our classification of quantitative resilience papers excludes studies 
that use statistical tools to detect patterns in proxies or multivariate datasets (e.g. ordination, 
CharAnalysis, cross-correlograms) without explicitly relating the findings to resilience 
attributes. Papers applying quantitative methods are more likely to define resilience, either 
directly (48%) or indirectly (24%), than non-quantitative papers (undefined in 70% of cases). 
 
[Insert Figure 3] 
 
Figure 3. Total number of palaeo-resilience papers published each year, showing the number 
that applied quantitative tools to assess aspects of resilience. See Table 2 for examples 
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Table 2. Examples of quantitative tools and metrics used to assess palaeoecological resilience (i.e. statistical relationships between system and 
disturbance variables, or changes in system properties used in resilience theory) 
Method Example & insight into resilience 
Ordination to test 
disturbance 
response 
Lopez-Merino et al. (2011) apply principal components (PCA)-based factor analysis to understand covariation between 
of hydro-hygrophyes (aquatic and wet-loving taxa) and non-pollen palynomorphs. This was used to identify structural 
changes in mire assemblage associated with wetland development and detect assemblage shifts which do not result in 
function change, indicating system ability to absorb disturbance (i.e. below threshold) 
Lopez-Merino et al. (2012) apply transposed PCA to examine co-variation amongst samples to classify response type 
following disturbance as threshold (complete assemblage change), elastic (recovery) or gradual (partial or complete 
assemblage replacement). They identified all three response types with centennial delays in regional scale woodland 
response compared with local disturbance mosaics 
Collins et al. (2013) apply analysis of similarity (ANOSIM) to five temporal groups identified from detrended 
correspondence analysis (DCA) of pollen data to test for significant changes in community composition before, after and 
during mid-Holocene dry event (MHDE) in Galapagos highlands. They identify significantly different assemblages during 
and after MHDE, but resilience of mesic taxa throughout suggests that the site is a microrefugium 
Recovery time Cole et al. (2014) calculate the time taken for 95.5% recovery in forest pollen abundance (compared with pre-
disturbance levels) relative to rate of disturbance (average number of events at a site per 1000 years) in tropical forest, 
noting longer recovery intervals in forests with lower disturbance history 
Threshold testing 
via pollen-
vegetation 
modelling 
Gillson (2009) tests the long-term applicability of an intervention threshold (threshold of potential concern, TPC) set by 
managers (using tree cover as an indicator of changes in woody vegetation resilience to elephant disturbance) by 
applying pollen-vegetation modelling to calibrate pollen abundance to tree cover over recent millennia. Results were 
used to suggest improvements in the choice of TPC as an early warning signal 
Phase plot, 
scatterplot to 
examine regime 
Gillson & Ekblom (2009) plot relationships between vegetation (arboreal and grass pollen) and (1) sedimentary δ15N and 
(2) charcoal to depict threshold and quadratic associations, respectively. This allows the grassland–savanna transition to 
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shift be explained in terms of a switch between nutrient/grazing limited and water/disturbance limited ecologies 
Willis et al. (2010) use phase plots to illustrate the rate of change over time in the abundance of key pollen taxa in 
Madagascan coastal forests to differentiate periods of relative stability prior to perturbation from post-disturbance 
trajectories and to represent the differing extent of recovery in two community types 
Seddon et al. (2011) use scatterplots to indicate the presence of alternative stable states (mangroves and microbial mat) 
in the lagoon system, with the main ecological change (alternative stable state threshold) inferred from a stable isotope 
mixing model showing shift in mangrove vs. microbial carbon inputs 
Bhagwat et al. (2012) use scatterplots to show variations over time in the relationship between forest: grass ratio (proxy 
for threshold changes in vegetation cover) and abiotic factors (monsoon intensity, soil erosion, fire). Redundancy 
analysis was used to assess how much variation in vegetation cover is explained by these variables. The strength of the 
association was assessed using (1) correlation coefficient (Pearson’s r) and (2) quantile regression in recognition that 
relationships are unlikely to be stable over time and with different levels of vegetation cover (e.g. higher resilience to 
erosion and fire when tree cover is low) 
Regime shift, 
breakpoint analysis 
Rühland et al. (2013) apply two-segment, piecewise linear regression to identify critical values (i.e. breakpoints; 
Andersen et al. 2009, Toms & Lesperance 2003) in timeseries data for temperature, sea-surface temperature and 
diatoms to estimate the timing of threshold responses in subarctic lakes 
Zhang et al. (2015) identify significant breakpoints (critical transitions, regime shifts) in palaeoecological and socio-
economic timeseries from sequential analysis of mean values using sequential Student's t-test (Rodionov 2004) and F-
statistics (Andersen et al. 2009). A large number statistically significant breakpoints were identified, depending on 
timeseries duration and cut-off length. This was applied with a linear autoregressive model to test the hypothesis that 
breakpoints are an inherent feature of the timeseries. Early warning signal metrics were also applied (see below) 
Serrano et al. (2016) use the regime shift algorithm (Rodionov 2004, Andersen et al. 2009) to detect discontinuities in 
estuarine geochemical and sedimentary timeseries as signals of staged deterioration and regime shift associated with 
loss of seagrass 
Superposed epoch 
analysis (SEA) to 
Blarquez & Carcaillet (2010) use SEA to examine plant macrofossil influxes before and after fires, interpolated to a 
constant time-step of 15 years. This required data sorting in time windows relative to fire events to compare responses 
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assess sensitivity between time windows & detect deviations from background. Fire return intervals were determined using CharAnalysis 
(Higuera et al. 2009). This allowed quantification of the minimum mean fire return interval (threshold) required for the 
study woodland to reach a resilient late successional stage 
Morris et al. (2015b) apply SEA to simulated datasets to test the null hypothesis that variability in biogeochemical 
proxies post-disturbance is greater than levels expected by chance and hence determine the sensitivity of a proxy to 
disturbance magnitude and duration, sample size and resolution 
Dissimilarity & 
discontinuity 
analyses to assess 
regime shift 
Figueroa-Rangel et al. (2010) detected significant differences in cloud forest assemblage (metrics: rarefaction, rate of 
change) and environmental variables using optimal splitting and one-way analysis of variance (ANOVA). Resilience (no 
state change) was inferred from high differences in rate of change (chord distance) but non-significant rarefaction 
differences among zones 
Spanbauer et al. (2016) apply Bayesian classification and regression tree models (BCART) to characterize size 
distribution of diatoms as means of detecting discontinuities in timeseries. Non-metric multidimensional scaling (NMDS) 
and ANOSIM were applied to assess whether the structure of discontinuities was impacted by regime shift &/or periods 
of instability identified by Spanbauer et al. (2014; see below). They identify discontinuity analysis as a conservative early 
warning signal 
Early warning 
signals (EWS) of 
regime shift 
Zhang et al. (2015) test for increased variance in timeseries as an indicator of critical slowing or flickering prior to regime 
shift (Dakos et al. 2012). This was applied alongside breakpoint analysis (see above) 
Slow warning 
signals of regime 
shift 
Spanbauer et al. (2014) compared univariate EWS (see above) with Fisher information (FI) and multivariate metrics of 
regime shift (redundancy analysis, principal coordinates of neighbour matrices analysis) in a diatom assemblage. FI 
characterises change in complex systems by collapsing variables into a single timeseries index based on the probability 
of a sample belonging to quasi-stable state. Unlike EWS, neither FI nor multivariate models require a priori knowledge 
of system behaviour and allow detection of slow system changes associated with loss of resilience preceding a regime 
shift 
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Discussion 
Defining resilience 
Despite steady growth in the number of palaeoecological papers using the term 
‘resilience’ (Fig. 1), 61% of the studies reviewed here did not identify which definition 
they were using and some of these made only passing use of the word. We considered 
that a further 14% indirectly defined the term through the use of descriptors associated 
with resilience theory (Table 1). For example, a number of studies discuss ‘persistence’ 
and therefore imply that they are discussing ecological resilience, not engineering 
resilience (Perry et al. 2009, Roche et al. 2011, Collins et al. 2013, Aranbarri et al. 2014). 
In this respect the palaeoecological literature follows a similar pattern to that seen in 
ecological research more generally: Myers-Smith et al. (2012) found that 66% of 234 
ecology papers published between 2004 and 2011 did not identify which definition of 
resilience they applied. Perhaps some palaeoecologists, like ecologists more generally, 
feel that ‘resilience’ is a mature concept in no need of explicit definition, but the varied 
palaeoecological usage identified in this review indicates the opposite.  
 
The consequent lack of clarity in palaeoecological discussions of resilience is a problem 
for several reasons. Without clear definitions, it is difficult to compare studies 
meaningfully or to draw general conclusions (Brand & Jax 2007, Cote & Darling 2010, 
Myers-Smith et al. 2012). This will make it difficult to address overarching research 
questions such as the priority questions listed in our introduction. By misapplying 
terminology related to processes, we risk perpetuating the misconception that 
palaeoecology is more concerned with describing patterns than with understanding the 
underlying mechanisms (Willis & Bhagwat 2010). And if we are unclear or inconsistent 
in how we use resilience terms, we are less able to engage constructively with ecologists 
and practitioners (e.g. Standish et al. 2014, Hodgson et al. 2015, Spears et al. 2015, 
Yeung & Richardson 2016).  
 
Our proposed remedy is that palaeoecologists should be careful to (1) characterise as 
precisely as possible the disturbance regime in their study system, (2) explain how the 
ecosystem response (or lack thereof) to disturbance has been measured, and (3) explain 
how the causal mechanisms connecting disturbance to ecological response have been 
evaluated or inferred. These three components jointly comprise a ‘response model’ (Fig. 
4), that is, an explicit statement of the anticipated relationships between proxies, 
disturbances and resilience properties (Carpenter et al. 2001, Myers-Smith et al. 2012, 
Hodgson et al. 2015). A response model should provide the necessary conceptual 
(heuristic) and measurable (quantitative) framework for assessing long-term ecosystem 
resilience. Only a minority of papers in this review identified or hypothesised a response 
model (e.g. Woodroffe 2007, Eppinga et al. 2009, Gillson & Ekblom 2009, Sayer et al. 
2010, McLauchlan et al. 2014, Lopez-Merino et al. 2012). Calls for more explicit 
definition of response models have also been made recently in the fields of ecology and 
socio-ecology (e.g. Oliver et al. 2015, Angeler & Allen 2016, Cumming & Peterson 
2017).  
 
In the sections below we discuss the three elements of a response model further, before 
identifying outstanding issues and opportunities for future work. Throughout, we use 
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outbreaks of insect pests and insect-borne pathogens in forests during the Holocene to 
illustrate some key considerations associated with our proposed resilience response 
model (Table 3). Existing studies in this area have not yet explicitly applied resilience 
concepts, but it is an emerging topic of interest (Morris et al. 2017), and it provides a 
useful example because the ecosystem responses involved range from engineering 
(recovery) to ecological (reorganisation) resilience (Davis 1981, Waller 2013), and the 
data reflect many of the challenges associated with palaeo-resilience analysis, particularly 
post hoc application to existing datasets. Observed forest dieback events also provide 
insight into the pattern, scale and drivers of pest and pathogen outbreaks which can 
inform palaeoecological hypotheses and response models (e.g. Peglar 1993, Brunelle et 
al. 2008, Morris et al. 2013). 
 
 
Figure 4. Response model for characterising resilience in timeseries, including an 
assessment of (1) disturbance regime, including pulse and press perturbations, (2) the 
ecosystem or proxy response, such as recovery rate and regime shift, and (3) an 
evaluation of causal relationships. The resolution and proxies may determine which 
definition or resilience and therefore which analytical methods are most appropriate at 
each of these stages 
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Table 3. Key methodological concerns and resilience attributes associated with insect 
pests and insect-borne pathogens in Holocene forests. See also Waller (2013: table 2) for 
general criteria advanced to support disease hypotheses 
Characterising the disturbance regime 
Disease-driven disturbance regimes are challenging to identify: insect pest species are 
identifiable but their remains are relatively scarce in narrow-diameter cores (Morris et 
al. 2015a); presence of a fungal pathogen within insect vectors remains unproven 
(Waller 2013); parasitic fungal spores may represent secondary infection of stressed 
trees rather than the primary disease mechanism (Innes et al. 2006) and many are 
probably too fragile to survive (Waller 2013) 
Alternative proxies needed to detect disease dynamics, e.g. host to non-host pollen 
ratios (Morris & Brunelle 2012), fungal infection in spruce needles as proxy for disease 
stress (Jasinski & Payette 2007), or tree-ring data on growth impacts of disease (Payette 
et al. 2000, Sherriff et al. 2011) 
Measuring ecosystem response and type of resilience 
Initial impact: multi-site evidence of rapid, synchronous and widespread pollen 
reduction in host species (Davis 1981, Waller 2013), evaluated by comparing the size of 
the response with mean pollen variability (Peglar 1993) or host to non-host pollen ratio 
in outbreak and non-outbreak periods (Morris 2013, Morris et al. 2013) 
Chronological or spatial modelling can be used to assess the synchroneity or scale of 
impact (Parker et al. 2002, Caseldine & Fyfe 2006) 
Engineering resilience may be inferred from gradual or lagged host recovery (Tsuga: 
Davis 1981; Ulmus: Caseldine & Fyfe 2006; Picea: Brunelle et al. 2008) 
Ecological resilience may be indicated by partial host recovery with compositional 
change (e.g. due to migration, competition and growth-release in canopy or understorey 
taxa) (Tsuga: Davis 1981, Allison et al. 1986), permanent decline (Ulmus: Parker et al. 
2002), or alternate stable state dynamics (Picea-Cladonia forest: Jasinski & Payette 
2005) 
Establishing causal interactions 
Inferring causality: the fossil occurrence of insect remains with host pollen decline 
(spruce bark beetle: Brunelle et al. 2008), although co-occurrence is not universal 
(Morris & Brunelle 2012); the rare instance of insect remains, pollen decline and 
secondary fungal pathogen in host needles, indicating stress (Jasinski & Payette 2007) 
Modern analogue approach: Holocene incidence shows a comparable rate of host pollen 
reduction to modern disease impact, ideally with the remains of the inferred insect pest 
or fungal vector (Allison et al. 1986, Peglar 1993, Morris et al. 2013); causal explanations 
rely on high-resolution analysis of laminated sediments or recent sediments with secure 
chronological controls to demonstrate the comparability of past and recent events 
Informal hypothetical approach: qualitative comparison of competing explanations 
using multiple timeseries or sources of evidence, e.g. for climate, human activity (Davis 
1981, Parker et al. 2002) 
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Quantitative hypothesis-testing using modelling: GLMM used to compare pollen and 
catchment (erosion and nutrient availability) responses during endemic and outbreak 
phases (Morris et al. 2013) 
Multiple proxies: inferences rely on multiple lines of evidence to identify outbreaks 
(Morris et al. 2013, Waller 2013), and to test potential interacting or alternative 
mechanisms, including climate variability as a trigger for pest or pathogen outbreaks 
(Latalowa et al. 2013), and human activity facilitating pathogen dispersal and impacts 
(Parker et al. 2002), or disease-fire interactions as a mechanism that maintains 
alternative stable states (Jasinski & Payette 2005) 
Anomalous cases can support broader or temporally-specific explanations: e.g. insect 
remains with no pollen response in pre-elm decline sediments may indicate significance 
of interacting factors (Clark & Edwards 2004); the unusual persistence of Ulmus in 
western Ireland is interpreted as an absence of the pathogen, insect host or of 
susceptible host ecotypes on the western range margin of elm (Lamb & Thompson 
2005) 
 
Response model 
Characterising disturbance regimes 
McLauchlan et al. (2014: 106) pointed out that “[u]nderstanding long-term ecosystem 
resilience to disturbance requires a full characterization of disturbance regimes - the agent 
or mechanism of disturbance, as well as the magnitude, severity, and return interval”. In 
proxy systems, this is challenging: not all disturbances are equally amenable to 
quantification, particularly where multiple, interacting factors are inferred (e.g. burning, 
grazing and nitrogen availability; Gillson & Ekblom 2009, McLauchlan et al. 2014, 
Jeffers et al. 2015). Fire is one of the most commonly cited disturbance factors in palaeo-
resilience papers (and in the ecological literature more generally; e.g. Millar & 
Stephenson 2015), and illustrates how far we can reasonably characterise a past 
disturbance regime in the palaeoecological record under more or less ideal circumstances. 
Metrics for quantifying fire regimes are well-established (e.g. CharAnalysis, Higuera et 
al. 2009) and have been widely used to identify individual fire events and quantify the 
fire return interval (e.g. Carcaillet et al. 2010, Crausbay et al. 2014, Lynch et al. 2014, 
Oris et al. 2014, Burjachs & Exposito 2015). The ability to analyse fire return intervals 
quantitatively in relation to a biotic response allows disturbance frequency and ecosystem 
recovery rates (‘engineering resilience’) to be estimated and compared between studies 
(e.g. Blarquez et al. 2012). Many other pulse disturbance events, including insect pest 
outbreaks, are less suited to this type of analysis due mainly to taphonomic constraints on 
insect preservation and recovery, for example (Table 3; Morris et al. 2015a).  
 
Even with palaeofire studies, there are limits to the types of resilience we can readily 
explore. Repeated burning (disturbance) may eventually tip an ecosystem over a 
threshold, e.g. from forest to grassland. In this context, identifying fire events and return 
intervals remains useful, but limits us to considering ‘pulse’-resilience (to individual or 
episodic disturbance events) rather than ‘press’-resilience (to more gradual, longer-term 
forcing); and the interactions between different disturbance mechanisms remain 
challenging to explore (e.g. effects of disease on fuel load and fire frequency; Jasinski & 
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Payette 2007, Waller 2013; interactions between climate and disease outbreaks: Sherriff 
et al. 2011, Latałowa et al. 2013). It also remains difficult to address ‘ecological 
resilience’, as there is no universally applicable proxies or methods for quantifying the 
magnitude of many disturbance events (Cole et al. 2014). As a result, alternative methods 
of identifying disturbance regimes may need to be considered, as has occurred in efforts 
to identify Holocene outbreaks of forest pests and pathogens (e.g. Morris & Brunelle 
2012). These examples illustrate the need to be specific about the disturbance regime and 
type of resilience that is being or can be studied using a particular proxy. 
 
Measuring ecosystem response 
The multitude of factors involved in ecosystem change can make it difficult to know what 
to measure in order to assess resilience, even in contemporary ecological studies (Oliver 
et al. 2015, Allen et al. 2016). This problem is compounded by the constraints of the 
proxy data that palaeoecologists rely on. For instance, pollen data are better suited to 
reconstructing large changes in the composition of a vegetation assemblage – switches 
from one quasi-stable state to another – than to measuring precisely the degree of stress 
that a system is experiencing (cf. Morris et al. 2015b). Given these constraints, the 
recovery rate of a palaeo-community following a (large) disturbance offers the most 
straightforward metric of engineering resilience (Cole et al. 2014). The use of recovery 
rate as a resilience metric assumes that systems are in equilibrium with prevailing 
conditions, which palaeoecologists know to be rarely, if ever, strictly true (Jackson 2006). 
Nonetheless, differences in the rate of recovery between sites can be used to assess which 
factors determine ecosystem sensitivity (Seddon et al. 2014b). Catchment and disturbance 
differences may, for instance, be useful for understanding why rates and levels of lake 
system recovery can range from rapid and complete, to slow and limited (Heiri et al. 
2003, Donohue et al. 2010, Hillbrand et al. 2014, Barreiro-Lostres et al. 2015, Miras et al. 
2015, Cvetkoska et al. 2016). 
 
An apparent lack of response to disturbance – that is, stability, complacency or 
insensitivity of a proxy after a perturbation – could indicate a high level of ecological 
resilience in a system, an interesting result in itself (Bhagwat et al. 2012). A lack of 
response can be particularly instructive if stabilising or buffering factors can be identified 
(e.g. Balmford 1996, Perry et al. 2008, Carcaillet et al. 2010), but critical evaluation of 
the data is usually needed in order to be certain that the apparent complacency is not just 
an artefact of the insensitivity of palaeo-proxies or methods (Morris et al. 2015b). 
 
Increasing sensitivity to perturbations or changes in recovery rate through time can signal 
a shift in tolerance limits, such as a transition from engineering to ecological (potentially 
threshold-type) resilience. For instance, in tropical forests, a non-linear relationship 
between disturbance frequency and the rate of recovery (e.g. a reduction in recovery rate 
with increasingly frequent disturbance) suggests that there are limits to the capacity of the 
forests to recover from disturbance (Cole et al. 2014). An understanding of how rates of 
recovery change through time in different ecosystems, and why system responses shift 
from recovery to reorganisation, would be a useful contribution from palaeoecology: 
ecological studies rarely address why different responses may emerge over time (e.g. 
Scheffer et al. 2001, Standish et al. 2014, Mori 2016). This requires studies that evaluate 
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how and why the resilience of an ecosystem can vary between sites, or change over time 
at a single site, which in turn requires clear and repeatable, ideally quantitative techniques 
for measuring regime change and recovery rates. Appropriate techniques are increasingly 
available: 16% of the studies reviewed applied quantitative tools to detect significant 
shifts in assemblage behaviour, including algorithms for detecting early warning signals 
and regime shift in timeseries (Fig. 4, Table 2).  
 
We would not suggest that a quantitative approach is always essential, but it holds some 
advantages. It can encourage collaboration with ecology and environmental sciences, 
where there is a strong focus on quantitative metrics of resilience (Angeler & Allen 2016, 
Thomas 2016). Quantification can also be used to help test process-based questions and 
conduct comparative analyses in palaeoecology (e.g. Jeffers et al. 2011, Streeter & 
Dugmore 2014, Randsalu-Wendrup et al. 2016), which is a key aim of the PAGES 
Resilience Working Group (Seddon et al. 2014a). It may be no coincidence that, in our 
review, quantitative papers were more likely than qualitative ones to include a clear 
definition of ‘resilience’. 
 
A key finding from multi-proxy studies, particularly quantitative analyses, is that 
ecosystem resilience is rarely adequately captured by a single metric, because the biotic 
and abiotic components that contribute to system resilience have different sensitivities, 
response rates and thresholds (e.g. Zhang et al. 2015). Ecological studies have reached 
similar conclusions, identifying a need to apply resilience metrics to multiple indicators 
and to consider resilience at species and ecosystem levels in order to derive more robust 
assessments (Angeler & Craig 2016, Burthe et al. 2016). 
 
Causation and modelling 
In the discussion above we have argued that precisely-defined and quantified studies, if 
not a prerequisite for assessing palaeo-resilience, can at least encourage clarity regarding 
the mechanisms that stabilise and restructure ecological and socio-ecological systems 
(Seddon et al. 2014a). However, demonstrating the existence of a causal mechanism 
linking disturbance and response is a fundamental problem in palaeoecology, as it often is 
in environmental science more generally (e.g. Hodgson et al. 2015, Cumming & Peterson 
2017). It is fundamentally difficult to identify the processes of ecosystem response to 
disturbance simply by studying patterns of change in the past.  
 
We suggest two ways in which response models may be used to explore the mechanisms 
of ecosystem resilience. Firstly, a response model can be used as a heuristic to set out 
potential explanatory relationships and feedbacks that may influence resilience, 
especially in post hoc applications of resilience theory to existing datasets or in systems 
which are poorly understood. For example, in the case of insect pest outbreaks, observed 
spatial variations in the timing and extent of the European mid-Holocene elm decline 
were used to develop hypotheses about causality, especially the interactions between 
disease, climate and human activity, and the potential for disease resistance in different 
populations of elms (Parker et al. 2002, Lamb & Thompson 2005). Similarly, Jasinski 
and Payette (2005) hypothesized two response models: one in which disease, fire and 
post-fire succession overcome species adaptive mechanisms that allow recovery from fire 
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disturbance, leading to alternative stable state forest communities; and another where a 
climate-mediated shift in fire regime leads to forest loss. These two models were then 
tested using palaeoecological data. 
 
A second way in which response models can be used to frame palaeoecological resilience 
studies is to use numerical models of ecosystem behaviour, which incorporate 
hypothesised causal relationships explicitly, in conjunction with palaeoecological data. 
These include statistical and simulation models. One line of argument is to hypothesize a 
(conceptual) response model, attempt to simulate it using a numerical model, then test the 
combined model predictions using palaeoecological data. Another approach is to analyse 
palaeoecological datasets using statistical models which can identify non-random 
relationships between variables and estimate effect sizes. In this review, examples of 
numerical models used to assess potential causal relationships range from statistical two-
way interaction models using phase space or scatter plots and non-linear regression 
(Gillson & Ekblom 2009, Seddon et al. 2011), to network models such as structural 
equation modelling (Lamentowicz et al. 2015), and simulation models based on 
ecophysiological tolerances (Cowling et al. 2014, Henne et al. 2015).  
 
A strongly quantitative analytical approach is not always feasible. However, quantitative 
approaches could improve our understanding of which characteristics of a system and of 
a disturbance regime provide the best indicators of resilience (e.g. van de Leempet et al. 
2017). This is particularly relevant where models of long-term behaviour are used to 
project future responses under climate change scenarios (e.g. Henne et al. 2015). 
 
Scale and Resilience 
One of the key concerns in understanding ecological resilience is scale, in terms both of 
space and time. Ecosystem responses to disturbance can vary across scales and are often 
conditioned by cross-scale interactions, where slow and fast variables interact to 
determine a system’s proximity to critical thresholds (Peterson et al. 1998, Gunderson & 
Allen 2010, Hughes et al. 2013). Our discussion so far has assumed that the spatial and 
temporal resolution afforded by the sites and samples under study are appropriate to the 
temporal and spatial scales of the organisms (proxies) and processes under investigation. 
When this is the case, palaeoecology is well-placed to study the cumulative impact of 
slow and fast processes, to differentiate quasi-stable, self-regulating systems from those 
which are characterised by alternative stable states, and to examine response diversity 
across environmental gradients (e.g. Zhang et al. 2012, Oris et al. 2014, Jovanovska et al. 
2016). 
 
Few of the studies that we reviewed specifically considered whether the temporal 
sampling resolution was sufficient to support the inferred mechanism, or to reliably 
estimate response or recovery times (e.g. Cole et al. 2014, Morris et al. 2015b). 
Sedimentation rates and analytical choices, including sampling resolution and sample 
aggregation, can significantly affect our interpretation of palaeoecological data (Velghe et 
al. 2012, Macken and Reed 2014). For example, sampling resolution and the duration of a 
disturbance event affect the likelihood of differentiating between sensitivity and tolerance 
when examining biogeochemical responses to disturbance using proxies preserved in lake 
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sediments (Morris et al. 2015b). This issue is also evident in studies of tree disease, 
where comparisons of the rate of pollen reduction in modern tree disease outbreaks and 
prehistoric declines in tree pollen demonstrate that the rates of some prehistoric events 
are consistent with a hypothesis of pathogenic attack (and that recovery took centuries or 
millennia: Allison et al. 1986, Peglar 1993); detecting such an abrupt change required 
extremely well resolved data, given that disease outbreaks can last only a few years. Low 
sampling resolution can also constrain some quantitative approaches used to assess 
resilience, such as early warning signal metrics (Thomas 2016). Temporal resolution 
should therefore be an important consideration when selecting what form of resilience 
may be detectable and which resilience metrics are appropriate to the study system. 
Unevenly-spaced sampling and random variation may also generate noise that obscures 
the signal of system behaviour (Carstensen et al. 2013, Connor et al. 2017); such 
influences may only be detected by careful analysis of the consequences of 
methodological choices, e.g. using simulated datasets. 
 
Resilience is inherently spatial, affected by the spatial extent of the perturbation and by 
spatial heterogeneity (Peterson et al. 1998, Gunderson & Allen 2010). These spatial 
aspects may be overlooked by single-site studies. Although a wide range of 
palaeoecological proxies has been used to address resilience, pollen analysis was the most 
common technique in the papers we reviewed. Palynology involves a spatially 
amalgamated signal of catchment vegetation, so sites with a large pollen source area, 
such as lakes, may be insensitive to the finer-grained disturbances that can influence 
community resilience in heterogeneous systems. The spatial resolution of the dataset 
must be compatible with the scale of inferred impacts. For instance, multi-site analysis 
may be needed to test the role of climate, disturbance and disease as causal mechanisms 
where regional gradients in resilience or local-level catastrophic events are hypothesized 
to exist (Jasinski & Payette 2005). Other proxies than pollen analysis are often 
intrinsically better suited to assessing finer-grained disturbances and their influence on 
community resilience, including the contribution of species diversity to local-scale 
ecological resilience and differences in resilience between components of a system 
(Angeler & Allen 2016). For example, biological proxies such as testate amoebae or 
macrofossils in peat bogs are likely to represent community responses on small spatial 
scales (e.g. Lamentowicz et al. 2008, Magnan et al. 2012, Blundell & Holden 2015). 
 
Applying multiple proxies can strengthen palaeo-resilience analysis by providing 
evidence for how interactions between system components (e.g. across trophic levels) 
influence resilience. Palaeolimnological studies, particularly on small lakes, have proven 
to be productive in establishing how cross-scale trophic interactions affect ecosystem 
resilience (e.g. Madgwick et al. 2011, Velghe et al. 2012, Zhang et al. 2012). For 
instance, using plant macrofossil, pollen and diatom records, Sayer et al. (2010) identified 
a slow, internally-driven shift from macrophyte to phytoplankton dominance as a 
consequence of eutrophication, without the need to invoke an external perturbation to 
precipitate a transition between alternative state states. Such cross-scale interactions have 
received little attention in palaeo-resilience studies to date. 
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A growing number of studies use networks of sites to address resilience at the landscape 
scale. For example, multi-site studies using pollen and limnological proxies can identify 
asynchronous responses and differential sensitivity to disturbance between communities 
and along environmental gradients (e.g. Virah-Sawmy et al. 2009, Figueroa-Rangel et al. 
2010, Oris et al. 2014). Such diverse species responses to environmental change are 
critical to ecosystem resilience (Elmqvist et al. 2003). This is particularly the case in 
socio-ecological systems, for example, when regime shift is recorded in several large 
lakes, but the shift is not yet detectable in regional socio-economic indicators. Rather than 
indicating a complacent or resistant system, the relatively slow and cumulative effects of 
social and economic pressures may be eroding broader ecosystem resilience (Zhang et al. 
2015). Palaeoenvironmental databases such as the Global Pollen Database and Neotoma 
are likely to enable further such larger-scale analysis to take place (e.g. Cole et al. 2014, 
Whitehouse et al. 2014). 
 
Conclusions 
Resilience has become an important topic within theoretical ecology with significant 
applications in environmental management. Our review demonstrates that palaeoecology 
is making a significant contribution to our understanding of ecosystem resilience. 
However, we have also identified a number of ways in which the conceptualisation and 
investigation of resilience in palaeoecology could be improved. We make three 
recommendations: 
1. Palaeoecologists should use ‘resilience’, and terms associated with it such as 
‘sensitivity’, as precisely as possible. In particular, we should differentiate between 
‘engineering’ and ‘ecological’ resilience. This applies to efforts to characterise 
disturbance mechanisms and to analyses of ecological responses to perturbations. 
2. Palaeoecological resilience studies could be improved by defining a clear response 
model. Some of the most exciting advances in recent years have come from studies 
that integrate quantitative modelling with palaeoecological research. Data-model 
comparisons hold the potential to yield insights into the causal mechanisms that 
underpin ecosystem responses to disturbance, and to improve the ability of ecological 
models to adequately represent shifts in ecosystem resilience on a broad range of 
temporal and spatial scales. 
3. Issues around temporal and spatial scaling should be considered explicitly during the 
project design stage. Cross-scale interactions are a particularly important aspect of 
resilience theory and careful attention to scale in palaeoecological research could 
illuminate the ways in which connectivity within a system contributes to resilience.  
 
Declaration of Conflicting Interest 
The authors declare that there is no conflict of interest. 
 
Funding 
The authors received no financial support for the research, authorship, and/or publication 
of this article. 
 
References 
20 
 
Allen CR, Angeler DG, Cumming GS, et al. (2016) Quantifying spatial resilience. 
Journal of Applied Ecology 53: 625-635. 
Allison TD, Moeller RE and Davis MB. (1986) Pollen in Laminated Sediments Provides 
Evidence for a Mid-Holocene Forest Pathogen Outbreak. Ecology 67: 1101-1105. 
Andersen T, Carstensen J, Hernandez-Garcia E, et al. (2009) Ecological thresholds and 
regime shifts: approaches to identification. Trends in Ecology & Evolution 24: 49-57. 
Angeler DG and Allen CR. (2016) Quantifying resilience. Journal of Applied Ecology 
53: 617-624. 
Aranbarri JK, Gonzalez-Samperiz P, Valero-Garces B, et al. (2014) Rapid climatic 
changes and resilient vegetation during the Lateglacial and Holocene in a continental 
region of south-western Europe. Global and Planetary Change 114: 50-65. 
Barnosky EA. (1992) Community resilience during the past 2000 years as inferred from 
fossil mammals in Yellowstone National Park Wyoming USA. Bulletin of the 
Ecological Society of America 73: 104. 
Barreiro-Lostres F, Brown E, Moreno A, et al. (2015) Sediment delivery and lake 
dynamics in a Mediterranean mountain watershed: Human-climate interactions 
during the last millennium (El Tobar Lake record, Iberian Range, Spain). Science of 
the Total Environment 533: 506-519. 
Bhagwat SA, Nogue S and Willis KJ. (2012) Resilience of an ancient tropical forest 
landscape to 7500 years of environmental change. Biological Conservation 153: 108-
117. 
Blarquez O and Carcaillet C. (2010) Fire, Fuel Composition and Resilience Threshold in 
Subalpine Ecosystem. PLoS ONE 5: e12480. 
Blarquez O, Carcaillet C, Elzein TM, et al. (2012) Needle accumulation rate model-based 
reconstruction of palaeo-tree biomass in the western subalpine Alps. Holocene 22: 
579-587. 
Blundell A and Holden J. (2015) Using palaeoecology to support blanket peatland 
management. Ecological Indicators 49: 110-120. 
Brand FS and Jax K. (2007) Focusing the meaning(s) of resilience: resilience as a 
descriptive concept and a boundary object. Ecology and Society 12: 23 [online] 
URL: http://www.ecologyandsociety.org/vol12/iss1/art23/ 
Brncic TM, Willis KJ, Harris DJ, et al. (2007) Culture or climate? The relative influences 
of past processes on the composition of the lowland Congo rainforest. Philosophical 
Transactions of the Royal Society B-Biological Sciences 362: 229-242. 
Brunelle A, Rehfeldt GE, Bentz B, et al. (2008) Holocene records of Dendroctonus bark 
beetles in high elevation pine forests of Idaho and Montana, USA. Forest Ecology 
and Management 255: 836-846. 
Burjachs F and Exposito I. (2015) Charcoal and pollen analysis: Examples of Holocene 
fire dynamics in Mediterranean Iberian Peninsula. Catena 135: 340-349. 
Burthe SJ, Henrys PA, Mackay EB, et al. (2016) Do early warning indicators consistently 
predict nonlinear change in long-term ecological data? Journal of Applied Ecology 
53: 666-676. 
Carcaillet C, Richard PJH, Bergeron Y, et al. (2010) Resilience of the boreal forest in 
response to Holocene fire-frequency changes assessed by pollen diversity and 
population dynamics. International Journal of Wildland Fire 19: 1026-1039. 
21 
 
Carpenter S, Walker B, Anderies MJ, et al. (2001) From Metaphor to Measurement: 
Resilience of What to What? Ecosystems 4: 765-781. 
Carpenter SR and Brock WA. (2006) Rising variance: a leading indicator of ecological 
transition. Ecology Letters 9: 311-318. 
Carrión JS, Andrade A, Bennett KD, et al. (2001) Crossing forest thresholds: inertia and 
collapse in a Holocene sequence from south-central Spain. The Holocene 11: 635-
653. 
Carstensen J, Telford RJ and Birks HJB. (2013) Diatom flickering prior to regime shift. 
Nature 498: E11-E12. 
Caseldine C and Fyfe R. (2006) A modelling approach to locating and characterising elm 
decline/landnam landscapes. Quaternary Science Reviews 25: 632-644. 
Chapin iii FS, Zavaleta ES, Eviner VT, et al. (2000) Consequences of changing 
biodiversity. Nature 405: 234-242. 
Clark SHE and Edwards KJ. (2004) Elm Bark Beetle in Holocene Peat Deposits and the 
Northwest European Elm Decline. Journal of Quaternary Science 19: 525-528. 
Cole LES, Bhagwat SA and Willis KJ. (2014) Recovery and resilience of tropical forests 
after disturbance. Nature Communications 5: 3906. 
Collins AF, Bush MB and Sachs JP. (2013) Microrefugia and species persistence in the 
Galapagos highlands: a 26,000-year paleoecological perspective. Frontiers in 
Genetics 4: 269-Article No.: 269. 
Connor SE, Colombaroli D, Confortini F, et al. (2017) Long-term population dynamics – 
theory and reality in a peatland ecosystem. Journal of Ecology 106: 336-346. 
Côté IM and Darling ES. (2010) Rethinking Ecosystem Resilience in the Face of Climate 
Change. PLoS Biol 8: e1000438. 
Cowling SA, Betts RA, Cox PM, et al. (2004) Contrasting simulated past and future 
responses of the Amazonian forest to atmospheric change. Philosophical 
Transactions of the Royal Society B-Biological Sciences 359: 539-547. 
Crausbay S, Genderjahn S, Hotchkiss S, et al. (2014) Vegetation dynamics at the upper 
reaches of a tropical montane forest are driven by disturbance over the past 7300 
years. Arctic Antarctic and Alpine Research 46: 787-799. 
Cumming GS and Peterson GD. (2017) Unifying Research on Social-Ecological 
Resilience and Collapse. Trends in Ecology & Evolution 32: 695-713. 
Cvetkoska A, Jovanovska E, Francke A, et al. (2016) Ecosystem regimes and responses 
in a coupled ancient lake system from MIS 5b to present: the diatom record of lakes 
Ohrid and Prespa. Biogeosciences 13: 3147-3162. 
Dakos V, Carpenter SR, Brock WA, et al. (2012) Methods for Detecting Early Warnings 
of Critical Transitions in Time Series Illustrated Using Simulated Ecological Data. 
PLoS ONE 7: e41010. 
Davis MB. (1981) Outbreaks of forest pathogens in Quaternary history. Proceedings of 
the fourth International Palynological Conference. Lucknow, India, 216–227. 
Dearing JA. (2008) Landscape change and resilience theory: a palaeoenvironmental 
assessment from Yunnan, SW China. Holocene 18: 117-127. 
Dearing JA, Bullock S, Costanza R, et al. (2012) Navigating the Perfect Storm: Research 
Strategies for Socialecological Systems in a Rapidly Evolving World. Environmental 
Management 49: 767-775. 
22 
 
deMenocal PB. (2001) Cultural responses to climate change during the Late Holocene. 
Science 292: 667-673. 
Dodson JR. (1986) Holocene vegetation and environments near Goulburn, New South 
Wales. Australian Journal of Botany 34: 231-249. 
Donohue I, Leira M, Hobbs W, et al. (2010) Rapid ecosystem recovery from diffuse 
pollution after the Great Irish Famine. Ecological Applications 20: 1733-1743. 
Ekblom A. (2012) Livelihood Security, Vulnerability and Resilience: A Historical 
Analysis of Chibuene, Southern Mozambique. Ambio 41: 479-489. 
Ekblom A, Gillson L, Risberg J, et al. (2012) Rainfall variability and vegetation 
dynamics of the lower Limpopo Valley, Southern Africa, 500 AD to present. 
Palaeogeography Palaeoclimatology Palaeoecology 363: 69-78. 
Elmqvist T, Folke C, Nystrom M, et al. (2003) Response diversity, ecosystem change, 
and resilience. Frontiers in Ecology and the Environment 1: 488-494. 
Eppinga MB, Rietkerk M, Wassen MJ, et al. (2009) Linking habitat modification to 
catastrophic shifts and vegetation patterns in bogs. Plant Ecology 200: 53-68. 
Figueroa-Rangel BL, Willis KJ and Olvera-Vargas M. (2010) Cloud forest dynamics in 
the Mexican neotropics during the last 1300 years. Global Change Biology 16: 1689-
1704. 
Folke C, Carpenter S, Elmqvist T, et al. (2002) Resilience and Sustainable Development: 
Building Adaptive Capacity in a World of Transformations. AMBIO: A Journal of 
the Human Environment 31: 437-440. 
Fregeau M, Payette S and Grondin P. (2015) Fire history of the central boreal forest in 
eastern North America reveals stability since the mid-Holocene. Holocene 25: 1912-
1922. 
Froyd CA and Willis KJ. (2008) Emerging issues in biodiversity & conservation 
management: The need for a palaeoecological perspective. Quaternary Science 
Reviews 27: 1723-1732. 
Gillson L. (2009) Landscapes in Time and Space. Landscape Ecology 24: 149-155. 
Gillson L and Ekblom A. (2009) Resilience and Thresholds in Savannas: Nitrogen and 
Fire as Drivers and Responders of Vegetation Transition. Ecosystems 12: 1189-1203. 
Gunderson LH. (2000) Ecological Resilience--In Theory and Application. Annual Review 
of Ecology and Systematics 31: 425-439.  
Gunderson LH & Allen CR (2010) Introduction: Why Resilience? Why Now? In: 
Foundations of Ecological Resilience Gunderson LH, Allen CR, & Holling CS 
(eds.). Washington (DC): Island Press: xiii-xxv. 
Gunderson LH and Holling CS. (2002) Panarchy: Understanding Transformations in 
Human and Natural Systems, Washington DC: Island Press 
Heiri O and Lotter AF. (2003) 9000 years of chironomid assemblage dynamics in an 
Alpine lake: long-term trends, sensitivity to disturbance, and resilience of the fauna. 
Journal of Paleolimnology 30: 273-289. 
Henne PD, Elkin C, Franke J, et al. (2015) Reviving extinct Mediterranean forest 
communities may improve ecosystem potential in a warmer future. Frontiers in 
Ecology and the Environment 13: 356-362. 
Higuera PE, Brubaker LB, Anderson PM, et al. (2009) Vegetation mediated the impacts 
of postglacial climate change on fire regimes in the south-central Brooks Range, 
Alaska. Ecological Monographs 79: 201-219. 
23 
 
Hillbrand M, van Geel B, Hasenfratz A, et al. (2014) Non-pollen palynomorphs show 
human- and livestock-induced eutrophication of Lake Nussbaumersee (Thurgau, 
Switzerland) since Neolithic times (3840 BC). Holocene 24: 559-568. 
Hodgson D, McDonald JL and Hosken DJ. (2015) What do you mean, ‘resilient’? Trends 
in Ecology & Evolution 30: 503-506. 
Holling CS. (1973) Resilience and Stability of Ecological Systems. Annual Review of 
Ecology and Systematics 4: 1-23. 
Innes J, Blackford J and Chambers F. (2006) Kretzschmaria deusta and the northwest 
European mid‐Holocene Ulmus decline at Moel y Gerddi, north Wales, United 
Kingdom. Palynology 30: 121-132. 
Jackson ST. (2006) Vegetation, environment, and time: The origination and termination 
of ecosystems. Journal of Vegetation Science 15: 549-557. 
Jasinski JPP and Payette S. (2005) The creation of alternative stable states in the southern 
boreal forest, Québec, Canada. Ecological Monographs 75: 561-583. 
Jasinski JPP and Payette S. (2007) Holocene occurrence of Lophodermium piceae, a 
black spruce needle endophyte and possible paleoindicator of boreal forest health. 
Quaternary Research 67: 50-56. 
Jeffers ES, Bonsall MB, Froyd CA, et al. (2015) The relative importance of biotic and 
abiotic processes for structuring plant communities through time. Journal of Ecology 
103: 459–472. 
Jeffers ES, Bonsall MB and Willis KJ. (2011) Stability in ecosystem functioning across a 
climatic threshold and contrasting forest regimes. PLoS ONE 6: e16134. 
Jovanovska E, Cvetkoska A, Hauffe T, et al. (2016) Differential resilience of ancient 
sister lakes Ohrid and Prespa to environmental disturbances during the Late 
Pleistocene. Biogeosciences 13: 1149-1161. 
Kéfi S, Guttal V, Brock WA, et al. (2014) Early Warning Signals of Ecological 
Transitions: Methods for Spatial Patterns. PLoS ONE 9: e92097. 
Kowalewski M, Wittmer JM, Dexter TA, et al. (2015) Differential responses of marine 
communities to natural and anthropogenic changes. Proceedings of the Royal Society 
B-Biological Sciences 282. 
Kumagai Y, Ahn YS and Nakamura F. (2008) Recent human impact on vegetation in 
Takkobu, northern Japan, reconstructed from fossil pollen in lake sediments. Journal 
of Forest Research 13: 223-232. 
Lamb H and Thompson A. (2005) Unusual mid-Holocene abundance of Ulmus in 
western Ireland-human impact in the absence of a pathogen? The Holocene 15: 447-
452. 
Lamentowicz M, Gałka M, Lamentowicz Ł, et al. (2015) Reconstructing climate change 
and ombrotrophic bog development during the last 4000 years in northern Poland 
using biotic proxies, stable isotopes and trait-based approach. Palaeogeography, 
Palaeoclimatology, Palaeoecology 418: 261-277. 
Latałowa M, Pędziszewska A, Maciejewska E, et al. (2013) Tilia forest dynamics, 
Kretzschmaria deusta attack, and mire hydrology as palaeoecological proxies for 
mid-Holocene climate reconstruction in the Kashubian Lake District (N Poland). The 
Holocene 23: 667-677. 
24 
 
Long AJ, Waller MP and Plater AJ. (2006) Coastal resilience and late Holocene tidal 
inlet history: The evolution of Dungeness Foreland and the Romney Marsh 
depositional complex (UK). Geomorphology 82: 309-330. 
Lopez-Merino L, Cortizas AM and Lopez-Saez JA. (2011) Human-induced changes on 
wetlands: a study case from NW Iberia. Quaternary Science Reviews 30: 2745-2754. 
Lopez-Merino L, Silva Sanchez N, Kaal J, et al. (2012) Post-disturbance vegetation 
dynamics during the Late Pleistocene and the Holocene: An example from NW 
Iberia. Global and Planetary Change 92-93: 58-70. 
Lynch EA, Calcote R, Hotchkiss SC, et al. (2014) Presence of lakes and wetlands 
decreases resilience of jack pine ecosystems to late-Holocene climatic changes. 
Canadian Journal of Forest Research 44: 1331-1343. 
Macken AC and Reed EH. (2014) Postglacial reorganization of a small-mammal 
paleocommunity in southern Australia reveals thresholds of change. Ecological 
Monographs 84: 563-577. 
Madgwick G, Emson D, Sayer CD, et al. (2011) Centennial-scale changes to the aquatic 
vegetation structure of a shallow eutrophic lake and implications for restoration. 
Freshwater Biology 56: 2620-2636. 
Magnan G, Lavoie M and Payette S. (2012) Impact of fire on long-term vegetation 
dynamics of ombrotrophic peatlands in northwestern Quebec, Canada. Quaternary 
Research 77: 110-121. 
McLauchlan KK, Higuera PE, Gavin DG, et al. (2014) Reconstructing Disturbances and 
Their Biogeochemical Consequences over Multiple Timescales. Bioscience 64: 105-
116. 
Millar CI and Stephenson NL. (2015) Temperate forest health in an era of emerging 
megadisturbance. Science 349: 823-826. 
Miras Y, Beauger A, Lavrieux M, et al. (2015) Tracking long-term human impacts on 
landscape, vegetal biodiversity and water quality in the Lake Aydat catchment 
(Auvergne, France) using pollen, non-pollen palynomorphs and diatom assemblages. 
Palaeogeography Palaeoclimatology Palaeoecology 424: 76-90. 
Morecroft MD, Crick HQP, Duffield SJ, et al. (2012) Resilience to climate change: 
translating principles into practice. Journal of Applied Ecology 49: 547-551. 
Mori AS. (2016) Resilience in the Studies of Biodiversity-Ecosystem Functioning. 
Trends in Ecology & Evolution 31: 87-89. 
Morris JL. (2013) Using lake sediment records to reconstruct bark beetle disturbances in 
western North America. Frontiers of Biogeography 5: 219-226. 
Morris JL and Brunelle A. (2012) Pollen accumulation in lake sediments during historic 
spruce beetle disturbances in subalpine forests of southern Utah, USA. The Holocene 
22: 961-974. 
Morris JL, Cottrell S, Fettig CJ, et al. (2017) Managing bark beetle impacts on 
ecosystems and society: priority questions to motivate future research. Journal of 
Applied Ecology 5: 750-760. 
Morris JL, Courtney Mustaphi CJ, Carter VA, et al. (2015a) Do bark beetle remains in 
lake sediments correspond to severe outbreaks? A review of published and ongoing 
research. Quaternary International 387: 72–86. 
25 
 
Morris JL, le Roux PC, Macharia AN, et al. (2013) Organic, elemental, and geochemical 
contributions to lake sediment deposits during severe spruce beetle (Dendroctonus 
rufipennis) disturbances. Forest Ecology and Management 289: 78-89. 
Morris JL, McLauchlan KK and Higuera PE. (2015b) Sensitivity and complacency of 
sedimentary biogeochemical records to climate-mediated forest disturbances. Earth-
Science Reviews 148: 121-133. 
Myers-Smith IH, Trefry SA and Swarbrick VJ. (2012) Resilience: easy to use but hard to 
define. Ideas in Ecology & Evolution 5: 44-53. 
Newton AC. (2016) Biodiversity Risks of Adopting Resilience as a Policy Goal. 
Conservation Letters 9: 369-376. 
Oliver TH, Heard MS, Isaac NJB, et al. (2015) Biodiversity and Resilience of Ecosystem 
Functions. Trends in Ecology & Evolution 30: 673-684. 
Oris F, Asselin H, Finsinger W, et al. (2014) Long-term fire history in northern Quebec: 
implications for the northern limit of commercial forests. Journal of Applied Ecology 
51: 675-683. 
Parker AG, Goudie AS, Anderson DE, et al. (2002) A review of the mid-Holocene elm 
decline in the British Isles. Progress in Physical Geography 26: 1-45. 
Payette S, Bhiry N, Delwaide A, et al. (2000) Origin of the lichen woodland at its 
southern range limit in eastern Canada: the catastrophic impact of insect defoliators 
and fire on the spruce-moss forest. Canadian Journal of Forest Research 30: 288-
305. 
Peeples MA, Barton CM and Schmich S. (2006) Resilience lost: Intersecting land use and 
landscape dynamics in the prehistoric southwestern United States. Ecology and 
Society 11 (2) [online]. 
Peglar SM. (1993) The mid-Holocene Ulmus decline at Diss Mere, Norfolk, UK: a year-
by-year pollen stratigraphy from annual laminations. The Holocene 3: 1-13. 
Perry CT, Smithers SG, Palmer SE, et al. (2008) 1200 year paleoecological record of 
coral community development from the terrigenous inner shelf of the Great Barrier 
Reef. Geology 36: 691-694. 
Perry CT, Smithers SG and Johnson KG. (2009) Long-term coral community records 
from Lugger Shoal on the terrigenous inner-shelf of the central Great Barrier Reef, 
Australia. Coral Reefs 28: 941-948. 
Peterson G, Allen RC and Holling SC. (1998) Ecological Resilience, Biodiversity, and 
Scale. Ecosystems 1: 6-18. 
Pimm SL. (1984) The complexity and stability of ecosystems. Nature 307: 321-326. 
Randsalu-Wendrup L, Conley DJ, Carstensen J, et al. (2016) Paleolimnological records 
of regime shifts in lakes in response to climate change and anthropogenic activities. 
Journal of Paleolimnology 56: 1-14. 
Roche RC, Perry CT, Johnson KG, et al. (2011) Mid-Holocene coral community data as 
baselines for understanding contemporary reef ecological states. Palaeogeography 
Palaeoclimatology Palaeoecology 299: 159-167. 
Rühland KM, Paterson AM, Keller W, et al. (2013) Global warming triggers the loss of a 
key Arctic refugium. Proceedings of the Royal Society B-Biological Sciences 280. 
Ryan EJ, Smithers SG, Lewis SE, et al. (2016) Chronostratigraphy of Bramston Reef 
reveals a long-term record of fringing reef growth under muddy conditions in the 
26 
 
central Great Barrier Reef. Palaeogeography Palaeoclimatology Palaeoecology 441: 
734-747. 
Sayer CD, Burgess A, Kari K, et al. (2010) Long-term dynamics of submerged 
macrophytes and algae in a small and shallow, eutrophic lake: implications for the 
stability of macrophyte-dominance. Freshwater Biology 55: 565-583. 
Scheffer M, Carpenter S, Foley JA, et al. (2001) Catastrophic shifts in ecosystems. 
Nature 413: 591-596. 
Seddon AWR, Froyd CA, Leng MJ, et al. (2011) Ecosystem Resilience and Threshold 
Response in the Galapagos Coastal Zone. PLoS ONE 6: e22376. 
Seddon AWR, Froyd CA, Witkowski A, et al. (2014a) A quantitative framework for 
analysis of regime shifts in a Galápagos coastal lagoon. Ecology 95: 3046-3055. 
Seddon AWR, Mackay AW, Baker AG, et al. (2014b) Looking forward through the past: 
identification of 50 priority research questions in palaeoecology. Journal of Ecology 
102: 256-267. 
Serrano O, Lavery P, Masque P, et al. (2016) Seagrass sediments reveal the long-term 
deterioration of an estuarine ecosystem. Global Change Biology 22: 1523-1531 
Sherriff RL, Berg EE and Miller AE. (2011) Climate variability and spruce beetle 
(Dendroctonus rufipennis) outbreaks in south‐central and southwest Alaska. Ecology 
92: 1459-1470. 
Spanbauer TL, Allen CR, Angeler DG, et al. (2014) Prolonged Instability Prior to a 
Regime Shift. PLoS ONE 9. 
Spanbauer TL, Allen CR, Angeler DG, et al. (2016) Body size distributions signal a 
regime shift in a lake ecosystem. Proceedings of the Royal Society B: Biological 
Sciences 283. 
Spears BM, Ives SC, Angeler DG, et al. (2015) Effective management of ecological 
resilience – are we there yet? Journal of Applied Ecology 52: 1311-1315. 
Standish RJ, Hobbs RJ, Mayfield MM, et al. (2014) Resilience in ecology: Abstraction, 
distraction, or where the action is? Biological Conservation 177: 43-51. 
Streeter R and Dugmore A. (2014) Late-Holocene land surface change in a coupled 
social–ecological system, southern Iceland: a cross-scale tephrochronology 
approach. Quaternary Science Reviews 86: 99-114. 
Sutherland WJ, Freckleton RP, Godfray HCJ, et al. (2013) Identification of 100 
fundamental ecological questions. Journal of Ecology 101: 58-67. 
Swindles GT, Morris PJ, Wheeler J, et al. (2016) Resilience of peatland ecosystem 
services over millennial timescales: evidence from a degraded British bog. Journal of 
Ecology 104: 621–636. 
Thomas ZA. (2016) Using natural archives to detect climate and environmental tipping 
points in the Earth System. Quaternary Science Reviews 152: 60-71. 
van de Leemput, I.A., Dakos, V., Scheffer, M. et al. (2017). Slow Recovery from Local 
Disturbances as an Indicator for Loss of Ecosystem Resilience. Ecosystems: 
doi.org/10.1007/s10021-017-0154-8 
Velghe K, Vermaire JC and Gregory-Eaves I. (2012) Declines in littoral species richness 
across both spatial and temporal nutrient gradients: a palaeolimnological study of 
two taxonomic groups. Freshwater Biology 57: 2378-2389. 
Virah-Sawmy M, Willis KJ and Gillson L. (2009) Threshold response of Madagascar's 
littoral forest to sea-level rise. Global Ecology and Biogeography 18: 98-110. 
27 
 
Walker B, Holling CS, Carpenter SR, et al. (2004) Resilience, adaptability and 
transformability in social–ecological systems. Ecology and Society 9: 5 [online] 
Waller M. (2013) Drought, disease, defoliation and death: forest pathogens as agents of 
past vegetation change. Journal of Quaternary Science 28: 336-342. 
Whitehouse NJ, Schulting RJ, McClatchie M, et al. (2014) Neolithic agriculture on the 
European western frontier: the boom and bust of early farming in Ireland. Journal of 
Archaeological Science 51: 181-205. 
Williams JW, Blois JL and Shuman BN. (2011) Extrinsic and intrinsic forcing of abrupt 
ecological change: case studies from the late Quaternary. Journal of Ecology 99: 
664-677. 
Willis KJ and Bhagwat SA. (2010) Questions of importance to the conservation of 
biological diversity: answers from the past. Climate of the Past 6: 759-769. 
Woodroffe CD. (2007) Critical Thresholds and the Vulnerability of Australian Tropical 
Coastal Ecosystems to the Impacts of Climate Change. Journal of Coastal Research: 
464-468. 
Yeung ACY and Richardson JS. (2016) Some Conceptual and Operational 
Considerations when Measuring 'Resilience': A Response to Hodgson et al. Trends in 
Ecology & Evolution 31: 2-3. 
Zhang E, Cao Y, Langdon P, et al. (2012) Alternate trajectories in historic trophic change 
from two lakes in the same catchment, Huayang Basin, middle reach of Yangtze 
River, China. Journal of Paleolimnology 48: 367-381. 
Zhang K, Dearing JA, Dawson TP, et al. (2015) Poverty alleviation strategies in eastern 
China lead to critical ecological dynamics. Science of the Total Environment 506: 
164-181. 
